Mechano-synthesis of Fe-32Mn-6Si alloy by mechanical alloying of the elemental powder mixtures was evaluated by running the ball milling process under an inert argon gas atmosphere. In order to characterize the as-milled powders, powder sampling was performed at predetermined intervals from 0.5 to 192 h. X-ray florescence analyzer, X-ray diffraction, scanning electron microscope, and high resolution transmission electron microscope were utilized to investigate the chemical composition, structural evolution, morphological changes, and microstructure of the as-milled powders, respectively.
Introduction
Fe-Mn-Si alloys are a class of smart materials due to their suitable shape memory effect (SME), excellent machinability and formability, low cost, good weldability and corrosion resistance, and high strength having several industrial applications such as dampers, pipe couplings, big shape memory devices, hard metals or alloys joining, oxygen blowing nozzles and so on [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The production of stress induced martensite (ε, hcp) from parent austenite phase (γ, fcc) and the reverse transformation (γ to ε) during the heating cycle are the origins of SME in this alloying system [12] [13] [14] [15] [16] [17] [18] . This non-thermoelastic or semi-thermoelastic conversion occurred by the creation of stacking faults (SFs) due to the movement of the Shockley partial dislocations (a γ /6 <112>) in the parent phase. SFs are suitable sites for nucleation of the martensite phase; eventually, the ε-phase can be formed by their overlap [12, [17] [18] [19] [20] [21] [22] [23] .
Although induction melting under an argon gas atmosphere is widely utilized to produce Fe-based SMAs, solid-state routes such as mechanical alloying (MA) can be used to produce the alloys in the powder form [24] . During MA, by applying the high energy collision between ball and particles and consequently the repeated cold welding and fracture of the powders, not only is the alloying process attained but also the synthesis of the non-equilibrium structures such as supersaturated solid solutions, nanocrystalline and amorphous structures, and intermetallic compounds is possible [24] [25] [26] [27] [28] .
Recently, MA has been widely used to synthesize nanocrystalline and amorphous SMAs [29] [30] [31] , although limited investigations have been done on Fe-Mn-Si alloys. To the best of our knowledge, the only work was done by Saito et al. [24] in which the alloy system was fabricated by MA and its structure was evaluated qualitatively. In the present work, the alloying system with the nominal composition of Fe-32Mn-6Si was produced by MA and an attempt was made to study the structural and microstructural phase evaluation of the alloyed powders quantitatively.
Materials and Methods
Fe-32Mn-6Si shape memory alloys were synthesized by mechanical alloying (MA) of high purity elemental Fe (> 99.5%, D v = 50 μm), Mn (> 99.8%, D v = 50 μm), and Si (> 99.8%, D v = 10 μm) powders under an inert argon gas atmosphere. MA was performed in a planetary ball mill (Sepahan 84 D) with a tempered steel vial (capacity = 90 ml) and balls (4 × 20 mm and 8 × 10 mm) under dry conditions up to 192 h. A rotation speed of 400 rpm and the ball-to-powder mass ratio of 20:1 were used for this purpose.
The chemical composition of the as-milled powders was determined by an X-ray fluorescence analyzer (XRF, PHILIPS, PW2400) in which the quantitative values were extracted by the PAN analytical software. The morphological change of the powder particles was evaluated by a scanning electron microscope (SEM, FEI, Nova Nanosem 430). Also, the phase constituent and structural properties of the powders were studied by using the powder X-ray diffraction (XRD, Pananalytical, X'pert Pro MPD, CuKα 1, 2 radiations) method. The data were collected at room temperature in the 2θ range of 30°to 100°in the step size of 0.03°, with an integration time of 6 sec/step. The X-ray tube was operated at 40 kV and 40 mA. The present phases were identified using the Match software after filtering the CuKα 2 radiation component. The quantitative phase analysis of the XRD results was performed by Rietveld refinement using the MAUD software package version 2.3. The average crystallite size and the lattice strain were determined by the Double-Voigt approach and the quantity of the amorphous phase was estimated from the overestimation of an internal crystalline standard in the Rietveld refinement of an appropriate mixture of a standard and the sample powders [32] [33] [34] [35] . In the present work, fully crystalline Mo powder with a median crystallite size of 50 nm was used as an internal standard. It should be noticed that, in the Rietveld analysis, to minimize the difference between the experimental and calculated patterns, parameters such as zero point error, sample displacement, scale factor, unit cell parameter, temperature factor, microabsorption, crystallite size, and lattice strain were refined for each phase.
Finally, in order to investigate the microstructure of as-milled powders as well as to confirm the XRD results, the powders dropped down in copper grid after dispersed in ethanol, and then were characterized by a high-resolution transmission electron microscope (HRTEM, FEI, Tecnai G2 F30).
3.
Results and Discussion
Chemical Composition Assessment
In the milling process, because of possible impurities coming from the milling media to the as-milled powders and consequently a deviation from the compound stoichiometry, the chemical composition measurements are very essential. Table 1 shows the chemical composition of the alloyed powder after considerably long milling times (192 h). As it can be seen, the expected nominal composition of Fe-32Mn-6Si was achieved and the amount of impurities from the milling media is negligible.
Qualitative Phase Analysis
The XRD profiles of the as-milled powders at different milling times including 6, 12, 24, 48, 96 and 192 h are presented in Fig. 1 . Concerning the XRD patterns of the powders at early stages of milling, the dissolution of Mn and Si occurred in the α-Fe phase and by increasing the milling process, a decrease in the crystallite size and an increase in the lattice strain occurred [24] , which resulted in the peaks broadening. By progression of milling, owing to the formation of different structural defects such as dislocations and vacancies during the MA process, the free energy level of the α-phase can be increased and consequently the probability of its transformation to the more stable phases increases. In addition, due to severe plastic deformation, the long-range order in the structure can be broken down to short-range order or possibly disordered structure and subsequently the amorphization process occurred [36] . This is verified by the halo in the XRD patterns of the 48 h milled powders. At sufficiently high milling times (e.g. 96 h or 192 h), due to the formation and overlapping of the stacking faults in the parent phase, stress induced martensite can be formed. Moreover, the mechanical crystallization of the amorphous phase to the more stable crystalline phases occurred at the moment. One important reason of mechano-crystallization of the amorphous phase is the powder's temperature rising during the milling process. It should be mentioned that the temperature distribution during milling is more complicated than a simple overall temperature in the vial and a crucial disparity exists between the temperature of the milling balls and vials [37] . During milling, one part of the milled powders is attached to the balls, other part is attached to the vial walls, and the remaining part is in a free state moving in the volume of the vial. All the parts have different temperatures wherein the part attached to the balls can be experience significantly high temperatures (in the order of several hundreds of°C) depends on the milling conditions [37] .This can be the reason that the crystalline phases creates from the amorphous phase during MA. On the other hand, it is recognized that, due to the severe collision between the milling media and the milled powders, local (microscopic) temperature rising can be considerably high, often more than the melting points of some alloying systems [25, 36, 38] . Since the crystallization temperature of the present alloying system is around 500°C (concerning the thermal analysis results done on the as-milled powders which is not reported in the present paper), it can be inferred that the mechano-crystallization of the amorphous phase during milling is due to the increase of the powders temperature to a value well-above the crystallization temperature of the amorphous phase.
Quantitative Phase Analyses
As mentioned in Materials and methods, the quantity of crystalline phases was estimated by the Rietveld refinement of the XRD results. Moreover, the fraction of the amorphous phase was determined from the overestimation of a fully crystalline Mo powder (as an internal standard) in the Rietveld refinement of an appropriate mixture of Mo and the milled powders (here: 75 wt.% milled powders and 25 wt.% Mo) using the following equation [32] .
where W S (%) is the weight concentration of the internal standard (in this study W S = 25%) and R S (%) is its Rietveld analyzed concentration. To achieve the reliable results and to estimate the potential errors, the XRD data collections and the quantitative Rietveld analyses were repeated thrice in three specimens. Fig. 2 shows the quantity variations of the amorphous and crystalline phases by milling development. As it can be seen, the amorphization process was started even at short milling times and after 6 h of milling the structure of the powders contains about 33% amorphous phase and 67% crystalline phase (consists of 47.4% α-bcc, 0.6% Si, 19% α-Mn). By milling evolution, the amount of crystalline phases decreases where Si and Mn are completely dissolved in the structure after 12 and 48 h of milling, respectively. Furthermore, due to dissolution of total Mn and Si as well as formation of a high density of defects in the parent α-phase, the α-to-γ phase transformation is evident after 48 h of milling. The enhancement of the amorphous phase also continues until 48 h of milling in which its maximum amount is reached (84 wt.%). By milling development to 96 h and 192 h, mechano-crystallization of the amorphous phase occurred, which is attributed to the temperature rising during the MA process. Moreover, the formation of stress induced martensite is determined by quantification of the XRD results of the powders milled for 96 h and 192 h. It can be attributed to the formation of stacking faults and also the stresses introduced due to severe plastic deformation during the milling cycle.
The variations of crystallite size and lattice strain of the different crystalline phases by milling time are demonstrated in Fig. 3 (a) and (b), respectively. As it is obvious, the crystallite size of the initial phases as well as the γ and ε phases, created during the milling process, was reduced considerably by milling progression. Furthermore, it can be seen that as a result of severe collisions between balls and the powder particles, the crystalline defects and consequently the lattice strains increase considerably by milling evolution.
SEM Observation
The microstructural and morphological evaluations of the powders at various milling times are investigated by SEM analysis (Fig. 4) . Since the alloying system is ductile-ductile, the cold welding process prevailed over fracture at early stages of milling (e.g. 0.5 h) and the plate-like morphology with the average particle size of 17 μm is developed (Fig. 4 (a) ). By progression of milling, due to domination of cold welding, the agglomerated particles are created (Fig. 4 (b) ) and the average particle size increases considerably, reaching 38 μm after 24 h of milling (Fig. 4 (c) ). By development of milling, due to the amorphous phase increasing, the brittleness of the powders increases and the average particle size is reduced significantly (12 μm). At this stage, due to occurrence of a balance between cold welding and fracturing, the particles morphology tends to be semi-spherical (Fig. 4 (d) ). At the final stages of milling (e.g. 96 h), owing to mechano-crystallization of the amorphous phase, the ductility of powders is enhanced; consequently, the cold welding process overcomes the fracture mechanisms, resulting in the irregular particles with the average size of 27 μm (Fig. 4 (e) , (f)).
TEM Observation
The high resolution TEM images and the corresponding selected area diffraction patterns of the 48 h and 96 h milled powders are shown in Fig. 5 (a) and (b), respectively. Concerning the HRTEM images, the structure of the powders contains a combination of crystalline and amorphous phases which is compatible with the crystalline rings and the amorphous halo pattern of the correlated SAD pattern. Since in the 48 h milled sample the fraction of the amorphous phase was significantly higher than the 96 h milled sample, the HRTEM image of the 48 h milled sample is more featureless and its correlated SAD pattern is more halo. The origin of reflection rings of the SAD pattern of 96 h milled powders indicates in Fig. 6 . Based on the results, the most diffracted planes are related to martensite phase; however, the existence of the austenite phase in the structure is also evident with reference to its reflection planes (e.g. (111) and (311)). The aforementioned results are compatible with the XRD results confirming the quantitative phase analysis done by the XRD software.
Conclusions
In the present work phase transformation during mechanical alloying of Fe-32Mn-6Si alloys was evaluated. The results can be summarized as follows:
1) By starting the milling process, the average particle size was increased from 17 μm to 38 μm, nanocrystallization occurred and a considerable amount of amorphous phase was also created. 2) By milling progression, the α-to-γ phase transformation occurred the amorphous phase quantity was significantly increased reaching its maximum amount after 48 h of milling (84 wt.%). At the time interval, the average particles size was reduced from 38 μm to 12 μm and their morphology was changed from plate like to semi-spherical. 3) After sufficient milling time (e.g. 96 h and 192 h), the mechano-crystallization of the amorphous phase happened and its amount was reduced from 84 wt.% to 39 wt.% by milling development. Furthermore, a considerable amount (up to 47 wt.%) of the ε-martensite phase was created. At the moment, the powders morphology was changed from semi-spherical to irregular shapes and their size was increased again (from 12 μm to 27 μm). 
